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An investigation was conducted t o  determine local  recovery  factors 
f o r  a Lucite  blade having a veloci ty   dis t r ibut ion  about  it similar t o  
that of a typicsl  reaction-type gae -turbine  blade for subsonic flow. 
Local  recovery-factor data were previouely available on shple gem- 
t r i c  shapes euch as axfa probes,  cylinders, and the  ine'ide of tubes; 
but l i t t l e  was known concerning the effec ts  of blade  configamtion, 
pressure gradients, an i  Replds mm3er on  local values of recovery 
fac tor  for gas-turbine  bladee . 

The loca l  recovery factore  were eseent ia l ly  independent of Mach 
number, Regnolde d r ,  pressure gradient, and posit ion on the blade 
except for regions w k r e  the bmdary-layer  flow waa probably in  the 
t rans i t i on  range from laminar to  turbulent .  TIE recovery factors  
obtained were soxmrhat higher than indicated by theory  for  turbulent 
boundary-layer flow but were within the range of values  obtained by 
other investigators on bodies of various shape. 

Variations fn the value of the recovery  factor arad errors  i n  the 
calculated Mach number dis t r ibu t ion  around turbine  blades result in 
s m a ~  e r r o r   i n  the d d a t i o n  of the effect ive g a ~ ~  temperature; 
the greatest   uncertainty i s  in the  detemlnat ion uf the total temperature 
of the gas  re la t ive t o  the turbine  blade. It is believed that fu r the r  
research on recovery  factors f o r  subsmic flaw over gas-turbine  blades is 
~ C e s S ~ g .  

Eckert and Drewitz (reference 1) demonstrated i n  1940 that the 
f l u i d  temperature affect ing heat transfer t o  a body in  E high-velocity 
gas stream was the a d i a b a t i c   b d y  temperature, uhich is the  temperature 
a body in  the stream waul& assum a t  eteady-state  conditions i n  the 
abeeGe 
sion in 
with no 

of heat t ransfer .  Pohlhausen had prevtomly derived  an  expres- 
1921 f o r  the adiabatic wall t e m p e m t u r e  of a t h i n  flat plate 
pressure gradient i n  a high-velocity gas stream f o r  the case 
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where the boundary layer  is ldnar (reference 2) . This  expremion 
related the  adiabatic wall temperature t o  the t o t a l  and s t a t i c  stream 
temperatures by a temperature-differenoe ra t io ,  which he found t o  be a 
function of the Prandtl number. The a m  temperature-difference r a t i o  
uaed  by  Pohlhausen t o  define the recovery  factor of a body can also be 
used t o  determine the  effective  fluid  temperature that Eckert and 
Drewi tz  found t o  be necessary  for heat-transfer calculations w h e r e  the 
same heat-transfer-coefficient  equation  can be  used for   bo th  high- and 
law-velocity stmams. If same f l u i d  temperature  other  than the effec- 
t i ve   f l u id  temperature were used in the heat-transfer calculations for 
high-velocity  fluid flow, the  heat-tmnsfer  coefficient may take on 
values that are negative, zero, o r  infinite when the stream temperature 
approaches the wall temperature as explained i n  reference 3. 

Local and average  recovery  factors  for  bodies of various geometric 
shapes have been  determined by a nurtiber of investigators.  A eurveg of 
the literature on recovery  factors (reference 4) presents  values of the 
average  recoveqy f ac to r   fo r  f lat  plates,  wedges, cones,  and  cylinderur. 
Average recovery  factors for turbine  blades are presented  by  Eckert and 
Weise i n  reference 5. Generally the  values of average  recovery  factors 
obtained were i n  the range from 0.70 t o  0.95; however, the values of the 
average  recovery  factor  for  cylinders are i n  scene cases lower. Local 
recovery  factors have been  obtained for the t r a i l i n g  edge of a reaction- 
type turbine  blade  (reference 5), cylinders (reference 6 ) ,  cylindrioal 
axial probes  (references 7 and 8), and inside  tubes (reference 3). 
The values of the local  recovery  factor  also l i e  i n  the range from 0.70 
t o  0.95. . _. 

cu 
N 

Eckert and Weise (reference 7) have shown, i n  experimnts conducted 
.with an &a1 probe, an  increme i n  the  recovery  factor from 0.84 t o  
about 0.89 as the Reynolds number wae incmased from about %lo5 t o  
about 16X105 because  of t r a m i t i o n  from Imninar to   turbulent  baundary- 
layer  flow.  This  trend has been  substantiated by analyses. For lmnar 
baundarg-layer flow, the analgsis of Pohlhausen (reference 2 )  shows the 
recovery  factor  to be approximately  equal t o  the square m o t  of the 
Prandtl number for   f lu id   Prandt l  numbers l e s s  than 10. I n  air a t  80' F, 
the laminar boundary-layer  recovery  factor would therefore be about 0.84. 
A recent  theoretical  analysis  presented  in.reference 9 resu l ted   in  a 
calculated  turbulent  boundary-layer  recovery  factor of approximately 
0.88 f o r  subsonic flow of a i r  at a temperature of about 80' F . 

Became most previous  investigations have been  conducted on simple 
geometric shapes and no information was available on the local recovery- 
factor   var ia t ion around gas-turbine  blades, where  there ie a re la t ive ly  
high presmre gradient,  an  investigation was conducted a t  the NACA Lewis c. 

laboratory t o  determine locd recovery  factors around the periphery of a 
epmetr ical   b lade  ui th  a p r e s m  gradient  typical of that f o r  a reaction- 
type turbine  blade.  For gas-turbine application,  the  fluid stream ie a 
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gas wtth a Prandtl number very nearly equal t o  that of air and the 

subsonic or low supersonic;  ooneequently, the investigation was limfted 
t o  subsonic flm wtth air aa the w o r k i n g  fluid. Local recoverg- factors  
were obtained f o r  a range of local Mach numbers from 0.3 t o  1.0 and over 
a range of looal Heynolde numbers from abaut IO5 t o  %lo6. The t o t a l  
sir temperature during the  investigation varied frcpn about 70° to 80' F. 

d veloci t ies  of the stream re la t ive  t o   t h e  turbille and nozzle blades are 
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SYMBOLS 

The fol lowing synibols are used i n  this report: 

area, (sq ft) 

heat-transfer  coefficient,  Btu/(sec) (sq ft) (9) 

chordwise length of blade, (ft) 

local Mach number 

local stat ic   pressure,  (Ib/sq ft) 

t o t a l  pressure, (lb/sq f t )  

Frandtl nuniber 

heat  -transf er ra te ,  B tu /  ( sec) 

gas  constant, (~t- lb/( lb)  ( O R ) )  

s t a t i c  temperature, (OR) 

t o t a l  temperature, ( O R )  

l o d  adiabatic wan temperature, ( O R )  

Te local effective  gas  temperature, ( O R )  

r, l o d   all tempemture, ( O R )  
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Equation (4) can  also  be written t o  give  the  effective  gas  temperature 
as a function of the Mach number for a perfect gas 

f r l\ 

Local  recovery  factora are determilled exper iEnta l ly  from loca l  
measureIllents of temperatures and pressures. I n  maw cases, however, an 
average  recovery  factor is determined where an average  adiabatic t e m p e r a -  
tu re  is measured and the  static  temperature may or may not  correspond 
t o   t h e  average  conditions  around  the  bodg. For example, average 
recovery  factors  that are determined for cylinders, cones,  and wedges 
are usually based on an undisturbed free-stream static  temperature. 
Because there is a r e l a t ion  between the local s t a t i c  temperatures a t  
these  surfaces  and  the free-stream s t a t i c  temperature,  these  recovery 
factors  are applicable  to  other  cylinders,  cones,  and wedges. Conversely 
for turbine blades, the re l a t ion  between the  local  static  temperature a t  
some point on the  blade  surface and the  undisturbed  static  stream 
temperature a t  the inlet  or out le t  of the  blade row is  usually complex 
and is d i f fe ren t   for   every  blade prof i le ,  angle of attack, and angle of 
stagger s o  that a recovery  factor  based on an inlet or o u t l e t   s t a t i c  
temperature is  applicable  only to  the  turbine-blade  arrangerent  investi- 
gated.  Another  average  recovery  factor that is somtimes  determined 
and is of more general  value  for  turbine  blades is one based on an 
average s t a t i c  gas t e m p e r a t -  and an average  adiabatic  blade  tempera- 
ture for  the  blade  periphery. The average  gas  temperature  can be 
determined  from  static-pressure measurernents around  the  blade  periphery. 
I n  this   report ,  however, only local  recovery  factors will be  considered 
for turbine  blades. 

Local  recovery  factors were determined on a symmetrical  Lucite 
blade  with a pressure  gradient  approximating that of a reaction-type 
turbine  blade. The recovery  factor of a thermocouple  probe was a l s o  
determine& to   inves t iga te   the  effects of a i r  moisture  content  on  the 
determination of  the  recovery  factors  obtained from the  Lucite  blade a t  
the  higher Mach numbers. 

Lucite Blade  

A symmetrical  Lucite.blade  having a 6-inch  chord and a 6-inch  span 
was mounted i n  a tunnel with  contoured walls t o  provide a pressure 
d is t r ibu t ion  similar t o  that f o r  a typical  reaction-tgpe  turbine  blade. 
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The tunpel, as sham by the  sketch in figure 1, was one previously 
desigmd  for  a liqpid-cooling  investigation. T h e  vanes were inserted 
in the d i f f h e r  dametream of the  blade t o  improve the presmzre  recovem 
by effectively  decreasing the cone angle of the diffuser .  For this 
inveetigation, the liguid.-cooled blade sham i n  the tunnel was removed 
and a Lucite blade ( f ig .  2 )  was instal led.  The blade c o n f o m d   t o  a 
NACA 664-021 a i r f o i l   f o r  the f i r s t  quarter  chord and the remainder of 
the blade xae formed by an arc of 8.65-Inch radius with a 0.030-inch 
~ ~ ~ A L I s  a t  the   t r a i l i ng  edge. 

Luoi te  was chosen as the material .for  the  blade primarily because 
of i ts  extremely low them1 conductivity and secondarily because of 

.the e w e  of its fabrication and its transparency 80 that location of 
thermocouples and pressure or i f ices  cmld be determined eas i ly .  The 
thermal conductivity of Lucite is given as ranging from 0 .1  t o  0.14 
(Btu/(f t ) (br)(?F))  by the  manufactumr. This is an important  charac- 
teriEitic for recovery-factor  determination because heat  conduction 
within the  blade should be an absolute m i n h m  i n  order to obtain true I 

local adiabatic  temperatures. In order t o  further minimize heat 
conduction, air spaces were provided  within the blade  by drilled holes 
and saw cuts in the  blade  interior as shown by figure 2 .  

A i r  f o r  the recovery-factor tests X&E tirain from the room through 
a surge tank, a bellmouth, the test section, and then  into  the  labora- 
to ry   a l t i tude  -exhaust  system. 

A t o t a l  of 23 Iron.-constantan  thermocouples was installed i n  the 
blade t o  masure local  temperatures  for  recovery-factor determilvbtion 
and t o  determine if any temperature  gradients  existed i n  a spalrwise 
direction. The blade thermocouplee were all connected di f fe ren t ia l ly  
with a thermocouple that read t o t a l  temperature in a large surge 
chamber. The temperatures and temperature bifferences were measured 
with a p o t e n t i m t e r  with a sens ib i l i ty  of 0.002 mil l ivol ts .  

Static-preesure  orifices (13) were located around the per iphe ry  
of the blade t o  measure l o c a l   s t a t i c  pressures a t  the a m  chordwise 
locatio- as the  blade  thermocouples. , The t o w 1  pressure i n  the  surge 
chamber upstream of the test eection wae read on a mrcury  manometer and 
a l l  the  pressure  differences between the  total   pressure and the  local  
s ta t ic   pressures  on the  blade  periphery were measured w i t h  water manom- 
eters  connected differentially. 

Thermocouple Probe for Humidity Inveetigation 

A thermocazple prGbe ( f ig .  3) web8 used t o  determine the ef fec t  of 
air humidity on the  determination of recovery  factors. The apparatus 
and inetrumentatian f o r  t h i s  investigation 851e described i n  referenoe 10. 

. .  . 
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. Lucite B l a d e  Investigation 

The investigation of the Lucite blade to determine lma l  recovery 
factors  waa conducted using air dram from the test c e l l .  I n  t h i s  wag 
it was poss ib le   to  maintain the total temperature and pressure as well 
as t h e   t o t a l  flow rate at  constant  valuee . In addition,  the  blade 
temperature was very near the t e m p e m k r e  of the room so that heat 
losses  were minimized. 

N 
Lu 

% 

It is shown in  the sect ion '$ffective-Gae-Temperature Determination" 
that fo r  Mach numbers less than 0.3 the effect ive gas temperature is a t  
least 99.5 percent of the total temperature, so that values of recovery 
fac tor  a t  these low Mach numbers are of no prac t ica l  use; consequently, 
thermocouple readin@;e at locations on the blade w k r e  local Mach  numbera 
were less than 0.3 were not used to calculate local recovery  factors. 
A t  the  leading and t r a i l i n g  edges of the blade, the veloci t ies  on 
opposite sldes of the blade were greatly different.   This  difference 
caused var ia t ions i n  the  adfabatic terQeratures of the blade surfaces. 
The blade was thin i n  these regione  and  heat  conduction  could  easily 
cause error8 in  the recovery-factor data; therefore, data from these 
regione w e r e  not used i n  the dcula-Mon of local recoverg  factors. 
For these reaaoz1~1, only tk six thermocouples i n  the locations sham 
i n  f igure 2 (b) were used in the local-recovery-factor  deternination. 
In order t o  eliminate the  possibi l i ty  of constant  temperature-diffexence 
errors,  the zero on the  potentiometer was check& periodically a t  zero 
air flaw. A t  th i s   conl i t ion ,  the temperature differences between all 
blade thermocouples and the thermocouple  reading t o t a l  air t e m p e r a t u r e  
were zero. 

Local Mach mmbera were calculated from rneasurements of the  t o t a l  
pressure i n  the surge chmber  upstream of the test sect ion and f r o m  the 
static-pressure measurements on the blade. The local recovery factor 
was calculated  by use of equation (3) where  T'  - Te , was taken 88 the 
differential   temperature measurement between the total t e m p e r a t u r e  In 
the surge chazliber upstream of the blade and the local blade temperature. 
The t o t a l  temperature a& pressure of the air were assumed t o  remaln 
conatant throughcut %he test section. 

In order  to  determine  the  possibility of boumkq-lapr t rans i t ion  
from laminar to   tu rbulen t  flow, it was necessary to   evaluate   the Euler 
m e r  variat ion aratWl the  blade. The Euler number is defined as 
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and w m  calculated  using  plots of the   ra t io  of total   pressure t o  local 
s t a t i c  pressure againat the distance from the stagnat ion  point   to  
evaluate d p / k .   he b r m i t y  p calculated from the measuRd local 
s t a t i c  pres- and the  calculated local s t a t i c  temgerature  (from t o t a l -  
and static-preesure measurements and total-temperature meamrement) . 
The local  velocity V was calculated from the local s t a t i c  temperature, 
the local s t a t i c  presmre, and the total pressure. 

Humidity Investigation 

If air used i n  the  experimental  determination of recovery  factors 
ha6 a relatively  high  moisture  content,  the  static t e m p e r a t u r e  of the 
air  is reduced below the dew point a t  high Mach umbers and can 
possibly  muse  condensation of the moisture i n  the air. The air 
temperat- would then be inoreased by the   re leme or the heat of 
vaporization. If this  conditfon occurs, the measured to". tempera- 
tures and the calculated  s ta t ic  t e m p e r a t u r e s  are in  e r ro r  and therefoE 
the calculated  recovery  factor would. be i n  er ror .  

A separate  investigation was conducted on a thermocouple  probe t o  
determine i f  this ef fec t  occurs i n  the experimental  determizvztion of 
recovery  faotors. The investigation was conducted over a range of 
Mach numbers from -0.2 t o  1.0 using air  having two d i f fe ren t  dew points, 
namely 470.5' R, which is the s t a t i c  temperature that was obtained at 
a calculated Mach number of 0.822 for the inlet to t a l - a i r  temperature 
of 534O R i n  thls investigation, and 4l5' R, which was below the statiic 
t e m p e r a t u r e  a t  any of the Maoh nunibem investigated. The recovery 
factors  were calculated  in   the same manner as explained f o r  the Lucite 
blade. 

ACCURACY CONSIDEWDIONS 

Recovery-Factor  Determination 

Recovery faotors &re usually determined experimentally a t  approxi- 
mately  ambient-air  ccmditiom i n  order t o  reduce  conduction heat loseee 
t o  a minimum. A t  these  temperatures  tbe  differeixes between to t a l ,  
s t a t io ,  and effective  temperatures are quite small, particularly f o r  
Mach numbers less than 0.3, BO that extrem? care is required  in  the 
temperature and pressure mwurements i n  order t o  minimize errors i n  
the recovery  factor. The ef fec ts  of e r rom i n  these measuremente of 
the approximate magnitude encountered i n  t h i s  fmes t iga t ion  are shown i n  
figure 4 f o r  the following assumed conditione: true recovery factor ,  
0.89; t o t a l  p ree~ure ,  30 inches of mercury absolute; t o t a l  temperature, 
540' R. On figure 4 the maximum e m r  i n  temperature meaeurement ie 
aeeumed t o  be ~0.1' F a d  th maximum error i n  statio-pressure 

4 
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measurement is &O.limhea of mcury-. The e f f ec t s  of these smal l  

hawever, a t  lower Mach numbers, these errore  may came large variatione 
i n  the  value of tbe  calculated recovery factor ,  particularly i f  the 
errors  m e  accwnzlative. 

” e F o r s  are almost negligible  for Mach mnikrs greater than 0 .&; 

With  proper  inetmmentation,  temperatures can be read t o   w i t h i n  
*.lo F w i t h o u t  great  difficulty;  but i f  care is not used to guard 

blade can  be  affected enough to came lmge er rors  i n  the recovery- 
factor determination. 

NI against conduction d t h i n  the body itself, the t e m p e r a t u r e s  in the 

% 
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Effective -Gas “Temperature  Determination 

In calculating  heat-tranafer rate from tke equation 

it can  be seen that the magnitude of‘ the temperature difference Te - T, 
govern the required  accuracy i n  determining the effect ive gas t e m p e r a -  
ture Te . For very small temperature differences, Te will have t o  be 
determined accurately, whereas f o r  larger t e m p e r a t u r e  differences, auch 
a6 those that will probably  be  obtained on cooled turbines, a greater 
tolerance i n  the accuracy of determining Te would be  acceptable. 

From t h e   n o n d ~ n e i o n a l  temperature plot i n  figure 5, the   e f fec t  
of Mach  number on the recovery factor can be d e t e d n e d .  For Mach 
numbers less than 1, the effective  gas t e m p e r a t u r e  ulll be at least 
95 percent and probably more than 97.5 percent of t b  total tempem- 
ture; for law Mach mmbers, the value of the recoveqy fac tor  has l i t t l e  
e f f e c t  on the calculated  effective gas temperature,  but a t  higher Mach 
numbers the e f f e c t  is more pronounced. In the experimental determina- 
t i o n  of recovery factom, the recoverg  factora  can  be  determined  quite 
accurately a t  high Mauh numbers, but  the accuracy is comiderably 
poorer a t  low Mach znznibers. Because these effects are compensating, the 
over-all result is that l i t t l e  d i f f i cu l ty  is experfenced in  calculatfng 
the   effect ive gas  temperature f o r  Mach numbers i n  the eubsonic range. 

As mentioned previously, there is evidence that fndicates a change 
in  recoveqy f ac to r  as the boudary-lay-er flow chnges fran laminar to 
turbulent. It is probable that th recovery factor, f o r  moet bodies, 
will be i n  the  range between 0.85 and 0.90 f o r  mbeonic flow w h e t h e r  
the boundary lapr is laminar or  turbulent.  

If the t rue recovery fac tor  is 0.89 and a recovery  factor of 0.85 is 
used for   ca lcu la t ion  instead, the  maximum e r ro r  a t  a Mach rnmiber of 1 
nlll be 0.66 percent of the t o t a l  t e m p e r a t m e  ( f ig .  5).  A t  a r e l a t ive  
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t o t a l  gaa t e m p e r a t u m  of 1500' F . (1960O R) , 0.66 percent would amaznt t o  
an   e r ror  of less than 13O F which is probably s u r  than the er ro r  b 

that would be obtained in the total-temperature  mamremnt of a high- 
velocity gas stream a t  this temperature. 

Effect of Errors i n  ExperimenW Meamrements 

In order t o  determine the accuracy of the recovery  factors obtained 
in this  investigation,  an analysis was made of the  possible  errors 
Involved in   t he  experjmental measuremnts. 

Errors i n  total-temperature neasurement. - The t o t a l  gas tempera- 
ture  was the on ly  temperatuw that was maaruzed absolutely. All other 
temperatures were measured d i f f e ren t i a l ly   x i th  this t o t a l  t e m p e r a t u r e .  
The estimated  accuracy of the total-temperature meaaurelnent was within 
2 2 O  R.  S m l l  e.rrOra in total-temperature  measuremnt a~ of little 
importarme 80 long as a l l  other  temperature measuRmnt8 are based on 
the total temperature. For example, an error of 10' 3' i n  the  measure- 
ment of the t o t a l  temperature at  80' F would cause a mimum erro r  of 
0.2 percent in the recovery  factor a t  Mach numbers from 0.3 t o  1.0. 

Errors In temperatul.e-diffeEnce meaammenttil. - Perlodic checke 
a t  zero air  flow were made t o  determine i f  the dlffemnoe between the 
t o t a l  t e m p e r a t u r e  and the  local  adiabatic blade temperatures W&B zero. 
These checks e l imina ted   the   poss ib i l i t~  .of constant  temperature- 
difference  errors.  In addition,  such  an  error would cause a varlation 
of recovery  factor with Mach  number; mch a var ia t ion was not obeerved. 

The accuracy of mall temperature-diff  erence measwelllent is 
primarily dependent upon the  seneibi l i ty  of the  potentiometer and is 
affected l i t t l e  by the absolute  calibration of the thermocouple wire 
because the  variation i n  electromotive  force per degree  Fahrenheit for 
different  batches of wire is s o  aI11&u that temperaturedifference 
e r rors  become signif icant  a t  large  temperawe  differences only.  The 
potentiomter had a sens ib i l i ty  of 0.002 millivolte,  which x s u l t e d   i n  
a rmximum estimsted  error in the temperature-difference memurements of 
0.07O F. This estimated e r ro r  wonld have a negligib1.e e f fec t  on the 
recovery  factor8 obtained a t  high Mach numbers and would cause a 
maximum er ror  of on ly  50.9 percent a t  a Mach number of 0.3. 

Errors i n  preesure measurement. - Errom i n  pressure measurement 
would affect  the  evaluation of the local  recovery  faotor because the 
static-temperature values used i n  the  calculation of recovery  factors 
were based on the   total-  and static-pressure measurements. The s t a t i c  
presmres we= m a s u E d  d i f fe ren t ia l ly  with the total pressure measured 
i n  a duct upstream of the blade. Water manometers were used f o r  the 
d i f f eRn t i a1  measurements and the estimated  accuracy of the 

3 
N 
N 



NACA IZM E51G10 

pressure-difference measurements was 0.2 inoh  of water. Bix t o t a l -  
pressure  probes were  ine ta l led  i n  the duct  upstream of the blade and 
the readings from the probes  agreed  within 0.1 inch of ~rcur=y. The 
recovery factors obtained at  different  location8 on the blade were 
consistent,  indfcating that there were  no faulty static-pressure 
readings because of burrs or other faults i n  the pressure or i f ices .  

Error due t o  conduction of kat i n  the blade. - Conauction of heat 
in  the blade was reduced t o  a minimam by fabricat ing the blade fran a 
material having an extremely low thermal conductivity, and heat-flow 
paths were interrupted by removal of material from the blade  inter ior  
as sham in figure 2 .  In addition,  recovery-factor data were not  used 
from regions of the blade  such &a the leading and t r a i l i n g  edges where 
it was thought that conduction  might interfere  with  accuracy. No 
conduction occurred i n   t h e  spanwiee di rec t ion  aa e b m  by the tkm- 
couples  used f o r  indicatfng heat flow i n  t h i s  direction.  Conei~ltent 
recovery  factora obtained at adjacent  locations along the  blade gave 
further evidence that there was no t ranefer  of heat between the 
adjacent  stations.  

The a i r  used i n  the determination of the local recovery  factors 
for the symmetrical  Lucite blade had a relatively  high  moisture  conten%. 
As Ent ioned  previausly, this condition oould possibly oarme an e r r o r  
i n  the calculation of the loca l   r ecoveq  factors. A ~reIn&ry inves- 
t i ga t ion  was therefore  conducted t o  determine €f M d i t y  xould cause 
an e r r o r  i n  the  determination of recovery fac tors  when the thermocouple 
probe shown in  figure 3 i e  wed. The recovery  factors  obtained  for the 
probe f o r  air  a t  two dew points are s h a m  in  figure 6. If moieture 
condensation were t o   a f f e c t  the evaluation of the  recovery factor, it 
would be noticeable at the  r fght  of the vertical Une at a Mach nmber of 
0.822 i n  figure 6 .  A t  this Mach number, the e k t i o  air  kp=ra.tUre is 
the same as +he dew poin t   for  the higher dew-point air. Because no 
divergence occurred b e d e n  the data above a Mach number of 0.822 f o r  
air a t  two d e w  pointa, it can be  comluded that W d i t y  had no effect 
on the  determination of recovery factors. 

The Lucite blade investigation was conducted  over a period of time 
and as a r e su l t  there was a comiderable  variation in  the humidity of 
the air used. N o  discrepancy occurred in the local   recovery  fmtors  
obtained a t  d i f fe ren t  times, Indicating no e f f e c t  of  humidity i n  t h i s  
investigation aleo. In no case, f o r  the Iuo i t e  blade investigation, 
was the humidity  high enough that the static temperature wae less than 
the dew point for Mach numbers less than 0.733 and there was no re8son 
to   be l i eve  that humidity  caused any e r r o r  a t  higher Mach numbers. 
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RESULTS AND DISCUSSION OF BLADE RECCNERY-FACTOR 

Effects of Reynolds Number and Boundary-Layer Tranaftion 

The loca l  recovery  factore  obtained a t  yoeitione 1 t o  6 on the 
Lucite blade ( f ig .  2(b) )  are shown plot ted  against   the   local  Reynolds 
number f o r   f o u r  allla11 ranges of Mach  number in   f i gu re  7 and for each of 
the six looations on the blade surface i n  figure . 8 .  The character is t ic  
dimmion i n  the Reynolds number U&B the distance from tlae etagnation 
point to   the  posi t ion on the blade where  the local recoveq   fac tor  was 
detelmined. The velocity and the  dermity were measured a t  the 8 a m  
location. There waa no apparent  effect  of Beynolib mmiber shown fn the 
p lo ts   in   f igure  7.  

AB mentioned previausly, it is shown i n  reference 7 that f o r  an 
ax ia l  probe the recove? factor  increaaed i n  the Repo lde  number range 
from approximately 5x10 t o  16X105 presumable becaue  the boundary- 
layer  flow changed from J-aminar t o  turbulent. Such an e f fec t  was not 
observed in  the data shown in  figure 7 .  The t r a m i t i o n  frm laminar t o  
turbulent  boundary-layer flow, however, would undoubtedly be different  for  
various  bodies  became  transition is influenced by a number of factors  
in   addi t ion  t o  Reynolds number; f o r  example, pressure gradient (refer-  
ence 11), surface curvature (reference 12), and gaa-to-Burface  tempera- 
ture  ratio  (reference 13). For recovery-factor  fnveetigationa, the 
temperature-ratio  effect would be practically  nonexistent, and l i t t l e  
quantitative informstLon is available concerning the effec t  of surface 
curvature.   Tramition  for  turbine blades probably  talres  place when a 
pressure m i n i m u m  occure on the surface, that is, when the  Euler number 
is equal t o  zero  (reference 11). 

The r a t i o  of t o t a l   p r e s s u r e   t o  local stat ic   pressure and the  Euler 
number are   plot ted  against  the afstance from the stagnation  point f o r  
various  inlet  Mach n W e r 6  in figures 9 and 10. The slopes OS the   l ines  
from f igure 9 were used t o  determine  the Euler numbers in   f i gu re  10. 
For a l l  values of i n l e t  Mach nuzriber, an N e r  rimer of zero is obtained 
near  the leading edge on the  suction  surface of the  blade, but zero N e r  
number i s  never  obtained 011 the  pressure &ace (f ig . - lO).  This indt- 
cates that on the  greater  portion of the  suction  surface  turbulent 
bmd&ry-layer  flow  occurs  and that on the pressure surface laminar 
boundary-layer flow occurs; consequently, the recovery  factors should be 
lower on the  pressure surface than on the  suction  surface. This trend 
is exhibited i n  figure 8. S k t i o n s  5 and 6 are on the  pressure  surface 
and the recovery  factors for these two s ta t ions   a re  lower than for the 
other  four station6,which are on the  suction  surface. The recovery  fact- 
ors for   s ta t ions  5 and 6 are above the theare t ica l  value of 0.84 fm lami- 
nar flow i n  sir probably  because  the  stations  axe  located on a portion of 
the  blade that is  i n  the transition  range,  regardless of' the f a c t  that a 
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steadFly decreasing pressure  exists on this  surface of the blade.  Relia- 

surface could not be obtained because of the low Mach numbers over that 
portion of the  blade. Reynolds nuibers mer the range investigated 
apparently had l i t t l e  o r  no effect on transition. 

a ble recovery factors a t  locations nearer the  stagnation  point on thfs 
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Effect of Pressure Gradient 

Throughout the t es ts  t o  determine the local. recovery factors on 
the Lucite  blade, the preseure gradient at  a given station was mried 
from low t o  high values by varying the inlet  Mach number. I n  addition, 
because of the configuration of the  Lucite  blade and the wills of the 
tunnel, the preseure g ra i en t  at a given station was different from the 
pressure  gradient at  any other  station. The pressure-gradient  variation 
i e  represented by the N e r  number variation  with  dietance f r o m  the 
stagnation  point in  figure 10. The var ia t ion  i n  pressure gradient 
between statione on the blade did not cauae a variation i n  recovery 
factor between s ta t ions  (fig.  8) . The only variation  in local recovery 
factor between stations along the  blade was believed due t o  tramition 
from laminar to  turbulent boundary-hger f l o w  as previouslJr d i swsed .  
Mach m e r ,  whkh  influences pressure gradient  (fig. lo), appears t o  
have l i t t l e  or  no effect on the recovery factora a t  any station on the 
blade (fig. 7); therefore, it can be  concluded that there was no 
apparent effect of pxessure g-ient on the recovery factor. 

Correlation of Recovery-Factor Data 

The l o c a l  recovery factors obtained for a l l  six statione on the 
&cite blade aze plo t ted  i n  figus 11 f o r  a range of Mach numbers f r o m  
0.3 t o  1 .O. The least  square of the data was W e n  and the  equation 
for the mean lim= w a ~  found t o  be 

A =  0.890 + O.OOsM (7) 

The recovery factora according t o  equation (7) varied. from 0.893 t o  0.899 
for  the range of Maoh  IluTLibers investigated. 

In reference 9, an aaroxfmate equation for turbulent boundary- 
layer recovery factors was derived, which represented m o r e  sccurately 
computed results w i t h i n  1 percent. In the &YS~EI  of reference 9 the 
boundary-layer velocfty p r o f i l e  was approximated by a power l a w .  For 
a boundary-layer profile parameter of 7 and a Prandtl nmiber of 0.705 
(obtained from reference 14 for an a i r  temperature of 80° F), subsonic 
turbulent bound&--layer recovery factors w e r e  calculated;  these  fact- 
OTS are  plotted fn figure ll. The theoretical  results are from 1.5 t o  
2.3 percent l o w e r  than  the experimental line  representing  data obtained 
i n  this  investigation fo r  the Mach nuniber rasQe from 0.3 t o  1.0. In 
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both  the  investigation of reference 9 and the  present  investigatfon, 
very l i t t l e   v a r i a t i o n  of the  recovery  factor  with Mach  nuniber wafj 
found. 

The maximum sca t t e r  i n  the data of this investigation for a l l  
s t a t i o n s  on the bide was KLightly leers than &4 percent. This sca t t e r  
was probably due t o  incanplete temperature equilibrium when the data 
points wem recorded.  Attempts were . m a d e  i n  all mm to  obtain  equFli-  
b r i m  or eteady-state  conditions  before recording data  points; however, 
the low thermal conductivity of the  blade which was neceseary t o  reduce 
heat conduction a l s o  caused the  temperature  response of tbe blade t o  
be very slow. In addition,  the temperature differences i n  recovery- 
fac tor  investigations are 80 small that it is o f t en   d i f f i cu l t   t o  - 
determine when equilibrium is obtained. It is believed that the  scat-  
ter  of data was random and a mean line through  the data should be close 
to .  a true  value. 

USE OF REEOVERY FACTOR Iw C-ON 

The greatest  error  involved in the   ca lmla t ion  of the  effective 
gas temgerature for a turbine  blade i n  most cases will be i n  the 
meaeurement o r  calculation -of the t o t a l  gaa temperature  relative  to 
the  blade. The effective  temperature is s o  near to  the r e l a t ive   t o t a l  
temperature that reasonable  errors  in  recovery  factor  are  negligible.  

The procedures that can be used for calculating the effect ive gas 
temperature for both s t a t i c  cascades apa gas-turbine engines will be 
explained i n  the following paragraphe. 

S t a t i c  Cascades 

L i t t l e   d i f f i c u l t y  is encountered i n  calculating the effective gas 
temperature i n   s t a t i c  cascades. The pressure o r  Mach  number dis t r ibu-  
t i o n  around the  turbine  blade must be determined either experimentally 
o r  analyt ical ly  and then from a warnred t o t a l  temperature the l oca l  
effective-gaa-temperature d b t r i b u t i o n  can be calculated by man8 of 
equation (4) or equation (5). It is recommended that the  value of 
the  recovery  factor be taken as 0.89. For a r a t i o  of specif ic  heats 
equal t o  1.4, the variation of the effect ive gas temperature with Mach 
number can be obtained frm the nondimensional temperature p l o t   i n  
figure 5. 

The simplest method of detemining  the p r e s s u ~  distribution around 
a turbine blade i n  a cascade is by mans of static-pressure  wasurercents 
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on the  blade mrface. The t o t a l  pressure Is usually assumed t o  remain 

masurerwnts are unavsflable, the pressure  dietribution around the 
blade  can be calculated by meam of the stream-fi lmnt   theory  given 
in  references 15 and 16 for   reac t ion  and impulse bladee,  respectively. 

., constant along the blade chord f o r  subsonic flow. If s t a t i c  pressure 

Turbine S ta tor  B l a d e s  

cu 
(u The method for   calculat ing the effect ive gas temperature f o r  

turbine s t a t o r  blades is  e m e n t i m y   t h e  Sam as for ‘static cascades 
except that the t o t a l - t e m p r a t u r e  prof i le  upgtream of the blades is 
nonuniform. The velocity  profile is probably nonuniform also, but 
this prof i le  is of s e c o m ,  importance compared with the t e m p e r a t u r e .  
It is therefore  necessary to survey  the t o t a l  t e m ” & r e s  ups t ram of 
the stator blade before  calculating the effective ga6 temperatures >,y 
the method outlined in the  preceding  section. 

Turbine Rotor Blades 

The calculation of the  effective gas temperature f o r  turbine  rotor 
blades can only be an approxfmation’becauee of t he   a i f f i cu l ty  in 
determining the t o t a l  temperature re la t ive t o  the rotor  blade. The 
mthod of determining the average re la t ive  total temperature U out- 
lined i n  reference 17.  Briefly,   the method consists i n  measuring the 
temperature of the  gas  i n  the engine tail pipe and calculating the 
e t a t i c  temperature a t  the s-tor  outlet by means of a heat balance on 
the engine. The t o t a l  temperature re la t ive  t o  the turbine blade8 is 
0btai-d after the gas velocity  relative  to  the  turbine blades is 
calculated by mea118 of velocity  vectom. The variation i n  gas t e m p e r a -  
ture along tlie span of a turbine  blade i n  an engine may be eeveral 
hundred degrees ; theref ore, a r e l a t i o n  between the average gas t e m p e r a -  
ture and the t e m p e r a t u r e  prof i le  is a U o  needed in order t o  determiw tbe 
local effective temperature. Probably the only way that th i s   r e l a t ion  
can be obtained is by m e a n s  of gas-temperature surveys,  preferably 
from the temperature  profile on an uncooled rotor  blade i n  the engine. 

After determining the r e l a t i v e  total-temperature  clistribution 
along  the blade span, the approximate pressure’distrfbution around the 
blade can be determined by meam of the stream-filanrent  theory  (refer- 
ences 15 and 16), but the inaccuracies in  the  determination of the 
relative t o t a l  gas t e m p e r a h  are probably  such that an accurate 
determination of the  pressure  dietribution i a  unwarranted. For moat 
rotor  blades the   local  Mach nunibere will probably range between 0.7 and 
1.0. According to figme 5, for a recovery  factor o f  0.89, if the 
effect ive gas tempera-ture is taken as 98.6 percent of the relative 
t o t a l  temperature, the maximam e r ro r  i n  the  calculation of the 
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effect ive gae temperature for t h  Mach nuniber range from 0.7  t o  1.0 and 
a relative t o t a l  gas t e m p e r a t m  of 1960° R would be 8.5' R. Thie e m  
is f a r  less than  the  errors  encountered i n  the  measurerent of a gas 
temperature i n  a high-velocity gas stream.  Theref  ore, on ly  the approxi- 
mate preesure  or Mach  number d is t r ibu t ion  around a turbine  blade is 
required i n  order to   calculate   the  effect ive gas temperature t o  the 
accuracy normally xequired in   heat- t ranefer  calculaticma f o r  cooled 
gas -turbine  blades. 

Because of inaccuracies  encountered i n  the  determination of t o t a l  
gas temperatures i n  high-velocity  high-tempratwe gas s t r e w  and the 
small effect8 of inaccuraciee i n   t h e  recovery  factor on the determina- 
t i o n  of effect ive Q ~ E  t empera tures ,  it is believed that further 
research on the experimental determination of recovery f ac to r s   fo r  
subsonic flow over gas-turbine  blades is unnecessary. 

s 
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The resu l t s  of this   invest igat ion on the determination and use of 
the local  recovery  factor for determining the effect ive gas temp=rature 
may be  summarized ae follows : 

- 

1. The local  recovery  factors  determined  for a Lucite blade that 
had a pressure  dietribution similar t o . t h a t  of a reaction-type  turbine 
b lade  were eesent ia l lg  independent of Mach  number, Regnolda number, 
preesure  gradient, and posit ion on the blade  except f o r  regions where 
the  boundam-layer flow was thought t o  be i n  the t r a m i t i o n  range from 
laminar to  turbulent .  

2 .  The values of the recovery  factor  obtained were somuhat  higher 
than  indicated by theory for turbulent  boundary-layer flow but were 
within the range of values sbtained by other  investigator8 on bodies 
of various shapes. 

3. An analyeis of possible errors  involved i n  the determination of 
recovery  factors  indicated that the random scatter  obtained  in  the  experi-  
mental data was probably  caused  by temperature equilibrium  not  being 
completely  obtained for all m n ~ .  

4. V a r i a t i o n s  i n  the value of the recovery  faotor and errors  i n  
the measured presaure o r  calculated Mach number d is t r ibu t ion  around 
turbine  blades r e su l t  i n  a small e r r o r   i n  the calculation of effect ive 
gas temperature; however, the greatest uncertainty i n  the  calculation 
of effect ive @e temperature i n  a gas-turbine  engine ie  the  determina- 
t i on  of the t o t a l  t e m p e r a t u E  of the  gas  relative t o  the turbine blade. 
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Figure 1. - Apparatus ueed for determination of Lucite-blade recovery factors. 
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(b) Location of. thermocouplea. 

Figure 2. - Concluded. Lucite b W .  
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Figure 3. - Probe wed for determinatian of effect of humidity on recovery factore. 
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Figure 4. - Effect of errors in pressure and temperature measurements 
on calculated recovery factors. True recovery factor, 0.89; total 
pressure, 30 inches mercury absolute; total temperature, 540' R; 
ratio of specific heats, 1.4. 
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Mach number 

Figure 5. - Curves for  determining the effective gas temperature 
for a range of Mach numbers and recovery factors .  Ratio of 
specific  heats, 1.4. 
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Figure 6. - Effect of air humlfi* on recovery factor for thermocouple probe. Alr i n l e t  
temperature, 534'3 R .  
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(a) Local  Mach number range, 0.9 t o  1.1. 
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(b) Local Mach number range, 0.7 t o  0.9. 
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( c )  Local Mach number range, 0.5 t o  0.7. 
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(a) Lacal Mach number range, 0.3 t o  0.5. T 
Figure 7. - Effeat of l o c a l  ELeynolds umber on l o c a l  reoovery factor  f o r  LuOite blade 

over range of l o o a l  ~ l c h  numbors. 
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Figure 8. - Effec t  of blade-surface location on local. recovery factor for  Lucite 

blade for range of local Reynolds numbers. 
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Figure 9.  - Freasure-ratio d-tetributlon around Lucite  blade. 
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F!gure 11. - Effect of l o c a l  Mach number on local recovery factor.  
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